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ABSTRACT
Newly measured electron impact cross sections for excitation of
the a A and b L, electronic states of 0 have been employed to predict
O O ^
the absolute volume emission rates from these states under auroral
conditions. A secondary electron flux typical of an IBC II nighttime
aurora was used and the most important quenching processes were included
in the calculations. The new excitation cross sections for the a A
O
and b /C states are more than an order of magnitude larger than previous
O
estimates, and lead to correspondingly greater intensities in the
atmospheric and IR-atmospheric band systems. The calculated intensity
ratios of the volume emission rates of J621A and 1.27p.m to that for
are smaller than obtained from aircraft observations and recent rocket
experiments.
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I. INTRODUCTION
Very intense emission of 1.27 |jjn radiation has been detected from
auroras in both aircraft and rocket experiments, the magnitude of which
greatly exceeded that predicted "by using the previously available electron-
impact excitation cross sections. Although Llewellyn et al., (1969) saw
only a small enhancement during the NASA Airborne Auroral Expedition, Noxon
(I9?0a) measured intensities of 1.27 M*m which lead to the energy-available
paradox in that the emissions are stronger than can be explained by the
same excitation source that produces the 391^ A radiation from N?.
Schiff et al., (1970) and Megill et al., (1970) have reported auroral
rocket observations of 1.27 M-m emissions for which the measured intensities
\\ u
also lead to the energy-available paradox as based on the intensity of the
3914A radiation.
New electron-impact cross sections for excitation of the a A
O
and b "1C states have recently been obtained (Trajmar et al., 1971)
o
which are more than a factor of 30 greater than the previous values. In
this paper, these new excitation cross sections, along with the measured
secondary electron spectrum and recently reported quenching rates, are used
to determine what fraction of the measured oxygen emissions can be attributed
to direct electron impact excitation, and their volume emission rates
relative to that for
-1-
PRECEDING PAGE BLANK NOT
IT. EXCITATION AND QUENCHING OF a and b
S
A. Transition Probabilities and Quenching Coefficients.
The two excited electronic states of 0 arising from the
2 h 2.(core) 33 1 TT 1 TT " electron configuration, are respectively 0.977
o *^  rl>
1.63 eV above the ground vibrational level of the ground electronic state.
Figure 1 is a schematic diagram of the first two vibrational levels
for the X Z , a A and b L, electronic states of Op. In it are given
o o o *—
the band origin wavelengths for the more important transitions in the
Infrared Atmospheric, Atmospheric and Noxon band systems, the natural
lifetimes for the two excited states, and the quenching species of
importance at auroral altitudes for each excited state. The spec-
tres copic data used to generate the potential energy curves and
corresponding Franck-Condon factors for the three electronic states
are those discussed by Albritton et al., (1972). For transitions
connecting these three electronic states, only the lowest two vibrational
levels of each are important because all three states have nearly the
same internuclear distance. The lifetime of the a A state was taken
O
to be 3-9 x 10 sec (65 min) as determined by Badger et al., (1965).
A lifetime of 12 seconds for the b £ state (Zipf, 1969) was used to
&
determine the transition probabilities for the b 2 ~* x Z (atmospheric6 g
bands) band system and the results of Noxon (1961) used to determine the
same for the Noxon bands. The transition probability for emission of
391^ A radiation from Np was determined by using the recent lifetime
results of Head (1971).
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The quenching rates used for this study are summarized in Table 1.
The deactivation rates of a A "by N~ and CL were taken from Clark
& <- <=-
and Wayne (l969a) and Wayne (1969); those by 0 and N taken from Clark
and Wayne (l969b). The quenching rates assumed for b "Tl^ " "by N and 0
S *- c-
were taken from Noxon (l9TOb) but no rates for quenching by 0 and N could be
found. If only upper limits for a particular quenching species were given,
that value was used in the calculations.
The atmospheric model used in these calculations correspond to
the Model A atmosphere of Sharp (1970) which is essentially the 1965 CIRA
model atmosphere at all altitudes except that it is richer in atomic
oxygen below 120 km (Sharp, 1970).
B. Excitation Cross Sections
In Figure 2 are shown the total cross sections for elastic scattering
(right hand ordinate) and for excitation of the a A and b E states
o o
(left hand ordinate) obtained by Trajmar et al.,- (1971). The experimental
values are given by the different symbols indicated with the corresponding
error bars. The solid curves represent a best estimate to the shape of
the cross sections which would pass through the datum points and are the
cross sections used in these calculations. The open squares are the recent
measurements of Linder and Schmidt (1971)> from threshold to h eV, which are
in excellant agreement with the cross section values used in these calculations,
The curve labeled K in the figure is an estimate for the a A excitation
O
cross section based on preliminary data by Konishi et al., (1970). Also
shown in the figure is a previous estimate for the a A excitation cross
O
section made by Watson et al., (1967) (curve marked by W) and previously
used by Stolarski and Green (1967) to estimate auroral intensities of the
Og emissions. Their cross section is more than an order of magnitude
-5-
TABI^ E I
Quenching rates for CL a A and "b "T2
 S g
Species ya \ ) [cAsec"1] ^b V) [car
" o
N2 ^ 1.1 X 10"19 2.0 X 10"15
•% O -i £
Og 2.if X 10"i0 1.5 X 10
0 s: 1.3 x 10"16
N 3.0 X 10"15
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Figure 2. Integral cross sections for excitation of a -M^ and
~b l£+ by electron impact as a function of incident
energy from Trajmar, et al. (1971)« The left ordi-
nate is for the inelastic cross sections, the right
one is for the elastic cross section. The data points
are as indicated in the "block in the upper right of
the figure; the squares are the results of Linder
and Schmidt (1971)• The preliminary results of
Konishi et al. (1970) are shown as the dashed curve
and the semi-empherical estimate of Watson et al.
(1967) is labeled as W.
-7-
smaller than that obtained "by Trajmar et al., (1971) at their respective
maxima. The "b tl integral cross section estimated by Watson et al.,
o
although not shown in Figure 2, is also correspondingly smaller than
that used in this work. It is noted that the new 0 excitation cross sections
are not only considerably larger than previously believed, but reach their
maximum values at energies significantly farther above threshold than is
usually the case for exchange excitation. The cross section used to
describe the excitation of 391^ A was taken from the recent work by Borst
and Zipf (1970).
The "secondary" electron spectrum used to calculate the excitation
rates was taken to have three components of the form
( \ m^p-J (electrons cm~2ster~1eV~1) (l)
The three components correspond to the three different electron energy
regions in the auroral electron spectrum discussed by Rees (1969). The
magnitude of the electron spectrum was re-normalized to Pfister's (1967)
flux at 10 eV in order to correspond to an IBC II aurora. The following sets
of parameters were used: 1 ^  E(eV) ^ 100 eV, m = 3.2, f(lO eV) = 1.6 x 10+ j^
100 ^  E(eV) ^ 1 keV, m = -1.0, f(lOO eV) = 1.0 x 10 j 1 keV ^  E(eV) ^ °°,
m = 1.11, f(l keV) = 1.0 x 10 . A secondary electron spectrum of this
form should provide a realistic estimate of the excitation of 391^ A
radiation relative to the low-lying electronic states of Op. In order
to obtain a feeling for the importance of the lower energy electrons in
the population of the 0? states, a spectral index of m = 2.U- was also
used for the lowest energy portion of the spectrum.
-8-
III. RESULTS AMD DISCUSSION
The equations of statistical equilibrium which describe the
population and depopulation rates of electronic state a (a A or b z) )
o o
are:
xa x
 r pa B _ / E E ay , na ) ^a , .K . n + L i, A. , n. — < A. + Q. > n . . (1)
v'o o
 D . iv' i l\ r v'r ^v1 f v1 ' ^ 'P i '
. , xa
 A3a ~a x . . , . , , ,where k , , A , „, Q~, and n are respectively the electron-impact
excitation rate to state a, the Einstein spontaneous transition probability
connecting states of and (3, the quenching rate of state o/, and the number
density of the lowest vibrational level of the ground electronic state.
The equations are relatively simple because only two vibrational levels
of each state are appreciably populated and there is not a strong coupling
between the two excited states.
The absolute volume emission rates predicted for the 1.27 tun, 7&21A
and 391^ A emissions are shown in Figure 3 as a function of the altitude.
The variation in the volume emission rates for 1.27 M-m and 7&21A caused
by the variation in the spectral index of the lowest component (m = 2.U
to m = 3-2, but both having the same flux value at 10 eV) is shown by the
shaded regions. Only the result obtained for the m = 3-2 case is shown
for the 391^ A emission because the corresponding effect due to the variation
of m was quite small. As was expected, and is shown in the figure, such
an appreciable change in the spectral index results in a significant change
in the volume emission rates from 0? and provides a measure of the
sensitivity of the 1.27 M-m and 7621A volume emission rates to the flux
of very low energy(E < 10 eV) electrons.
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The ratios of the volume emission rates for 1.27 M«m and T621A
radiation to that for 391^ A, for m = 3-2, are shown in Figure h as a
function of altitude. The following definitions have been made: TL =
1(1.27 Mm)/l(39114-A), R2 = l(7621A)/l(391^ A), where I is the volume emission
rate. Also shown are the corresponding ratios determined from recent
auroral observations of these emissions from rockets and aircraft. For
both the measured and the calculated ratios, the dashed curve is used to
denote the ratio of the 7^ 21A to 391^ A volume emission rates and the solid
curves, that for 1.27 M-m to 391^ A. The breadth of the horizontal lines
denotes the range in the experimentally determined ratios. The lines labeled
(LWVJ) and (NOXON) are respectively the airborne observations of Llewellyn
et al., (1969) and Woxon (1970). Those labeled (MDBB) and (SHM) are the
rocket observations of Megill et al., (1970) and Scniff et al., (1970),
respectively. The location in altitude of the experimental ratios shown
in Figure U do not correspond to the experimentally determined altitude
but has been shown only for clarity in plotting the results. The predicted
ratios involving 1.27 Mm and 7&21A are about a factor of 10 less than the
observations except for the 1.27 M-m to 391^ A ratio inferred [Woxon, 1970j
Megill et al., 1970] from the measurements of Llewellyn et al., (1969).
The rocket measurements of Megill et al., (1970) provide the best basis
for comparison of the predicted volume emission rates because they measured
1.27 M-m, 7&21A and 391^ A emissions on the same rocket. Qualitatively,
the predicted ratios agree with the preliminary results reported by Megill
et al., (1970) for the altitude dependence of these ratios in that such
dependence is not very strong. The preliminary results reported by Megill
et al., (1970) were not converted to zenith intensities and it is possible that
-11-
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such corrections to the raw data reported will reduce the measured
intensities so .as to be in better agreement with the predictions.
Another interpretation to the data of Megill et al., (1970) has
been offered by Evans and Llewellyn (I97l) [also see Megill et al., 197l]
who suggest that the instruments of Megill et al., (1970) observed the
nightglow layer rather than a true auroral enhancement. In any case, it
is noted that the ratio of 1.27 M^  to 391^ A obtained from rocket experiments
by Megill et al., (1970) and Schiff et al., (1970), as well as from the
airborne observations of Noxon (l970a), is generally more than a factor of
10 greater than predicted, if these measured ratios are substantiated by future
measurements it is clear that a mechanism other than secondary electron
excitation is important in the population of the a A and b "T states
o g
of 0 .
2
There are a number of mechanisms other than secondary electron
excitation which could contribute to the excitation rate for the a A
and b ^ C+ states in auroras [Woxon (1970); Megill et al., (1970)]. It
o
is also noted that since the a A and b i states are imbedded
g g.
energetically among the vibrational levels of the ground state, the
population and depopulation processes of these vibrational levels in auroras
may influence the population of the a A and b ^ states. In addition,
Op has a stable negative ion (Spence and Schulz, 1970) which appears to
play a role in the vibrational population of X ^ E" and may also be important
O
in the population of the a A and b z] states under certain conditions.
O O
A complete treatment of the population of the a A and b z! states
g g
should therefore include the three electronic states formed from the ground
-13-
electron configuration, the negative ion state, and their interconnection,
when sufficient information "becomes available to permit such a detailed
analysis.
Finally, it is noted that to obtain a more accurate estimate of the
vdlurne emission rates below about 110 Ion, it is necessary to use a "secondary"
electron spectrum whose magnitude decreases with decreasing altitude to
account for the ultimate absorption of all the electron energy by the
atmosphere.
-14-
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